The reverse hierarchy theory (Hochstein and Ahissar, 2002) makes strong, but so far untested, predictions on conscious vision. In this theory, local details encoded in lower-order visual areas are unconsciously processed before being automatically and rapidly combined into global information in higher-order visual areas, where conscious percepts emerge. Contingent on current goals, local details can afterward be consciously retrieved. This model therefore predicts that (1) global information is perceived faster than local details, (2) global information is computed regardless of task demands during early visual processing, and (3) spontaneous vision is dominated by global percepts. We designed novel textured stimuli that are, as opposed to the classic Navon's letters, truly hierarchical (i.e., where global information is solely defined by local information but where local and global orientations can still be manipulated separately). In line with the predictions, observers were systematically faster reporting global than local properties of those stimuli. Second, global information could be decoded from magneto-encephalographic data during early visual processing regardless of task demands. Last, spontaneous subjective reports were dominated by global information and the frequency and speed of spontaneous global perception correlated with the accuracy and speed in the global task. No such correlation was observed for local information. We therefore show that information at different levels of the visual hierarchy is not equally likely to become conscious; rather, conscious percepts emerge preferentially at a global level. We further show that spontaneous reports can be reliable and are tightly linked to objective performance at the global level.
Introduction
The dominance of global percepts in vision has long been noted, from early Gestaltists (Koffka, 1935) and the "forest before trees" (Navon, 1977) , to more recent experimental evidence of gist extraction from natural scenes (VanRullen and Thorpe, 2001; Oliva, 2005; Fei-Fei et al., 2007) and perception of multiple objects as an ensemble (Parkes et al., 2001; Chong and Treisman, 2005; Alvarez and Oliva, 2008; Haberman and Whitney, 2011, 2012; Bronfman et al., 2014) . In all those examples, visual percepts are dominated by global information, and local details can be difficult to retrieve.
The reverse hierarchy theory (Hochstein and Ahissar, 2002) is an influential functional model of the visual system that could account for the dominance of global information in conscious vision. In this model, during a first stage of unconscious hierarchical processing, local information encoded in low-level visual areas is automatically and rapidly combined in high-level visual areas into global information, such as overall shape, gist, or cat-egory. This global information becomes conscious, whereas the local information only does so if required by current goals, during a later stage (Fig. 1 ). This optional second stage of conscious vision proceeds in the reverse direction along the visual hierarchy, from higher to lower visual areas. The model thus predicts that conscious vision has a default global content encoded in high-level visual areas and that this content can be optionally enriched with local information encoded in low-level visual areas (Campana and Tallon-Baudry, 2013) .
Although it has been shown that attention operates from top to bottom along visual areas (Mehta et al., 2000; Buffalo et al., 2010) , there is no corresponding experimental evidence that conscious vision emerges from top to bottom along these areas. Notably, the famous compound letters from Navon (1977, 1981) initially used in support of the theory cannot be used to probe the interaction between the visual hierarchy and conscious perception because they are not hierarchical: the global letter has a marked contour of luminance; therefore, it is possible to identify it without processing the local letters. Thus, to date, no experimental evidence supports the idea that global dominance in conscious percepts originates in the hierarchical organization of the visual system.
Here, we investigate whether conscious vision emerges preferentially at high levels of the visual hierarchy and is therefore dominated by global information or whether, alternatively, information at any level of the visual hierarchy is equally likely to become conscious (Kouider et al., 2010) . We created a new kind of textures, which are, to our knowledge, the first existing truly hierarchical stimuli ( Fig. 2A) : in those textures, the global shape has no contour and is entirely defined by oriented lines. Therefore, it is necessary to process the orientation of the local lines to represent the orientation of the global shape.
In a first series of experiments, we investigated in goaldirected contexts whether conscious vision emerges at high levels of the visual hierarchy. Subjects were instructed to report either local (line orientation) or global (shape orientation) information, in separate blocks. If the hierarchical organization of the visual system constrains conscious perception to emerge at high levels, global information should be reported faster than local information, global information is expected to bias performance when reporting local information, and global information should be computed regardless of task demands. We verified those predictions in behavioral and magnetoencephalographic data.
However, such paradigms do not inform us about more ecological situations in which we are not directly engaged in a goal-directed behavior. We therefore assessed whether, in unconstrained contexts without specific task demands, subjects preferentially report global information. Subjects were instructed to report the perceptual content they were experiencing spontaneously. This experiment reveals that spontaneous reports are dominated by global information and that those reports correlate with the reports of the global information in the goal-directed context, whereas no such correlation occurred for local information.
Materials and Methods

Stimuli
Stimulus structure. Stimuli were circular textures (diameter: 7.4°of visual angle) made of oriented lines (line length: 0.18°, distance between line centers: 0.2°, 36 lines on the radius) presented on a uniform gray background. Each texture consisted of lines of random orientation, except within a central rectangular area where lines were approximately aligned along a given orientation, called the local orientation. The central rectangular area in which lines were approximately collinear defined a rectangular shape whose orientation was called the global orientation ( Fig.  2A) . Thus, the local orientation and the global orientation are defined by the same physical information, namely, the ensemble of lines that are approximately aligned in the center of the stimuli.
Local and global orientations were chosen among 4 angles: Ϫ67.5°, Ϫ22.5°, 22.5°, 67.5°(with a vertical reference, negative angles on the left), and an angular distance between the local and the global orientation of either 45°or Ϫ45° (Fig. 2C) . Therefore, subjects could not deduce one orientation from the other. Each of the four angles could be paired with two other angles, resulting in eight possible combinations of orientations.
Each line orientation was drawn from a von Mises distribution, a circular analog of the Gaussian distribution f ͑x ‫گ‬ , ͒ ϭ e cos͑ xϪ͒
2I͑͒ with
I the modified Bessel function of order 0, and and the two parameters characterizing the von Mises distribution. and are analogous, respectively, to the mean and the inverse of the variance in a normal distribution. If the coherence is large (e.g., Fig. 2A , left, ϭ 20), the distribution is sharp and any line orientation will be close to . If is equal to zero, line orientation is random.
To build a stimulus, a local orientation () was chosen among the four possible angles. Over a rectangular area made of 4 ϫ 18 lines oriented at Ϯ45°from , had a fixed value (called the coherence of the lines). The value of decreased progressively when moving away from the central rectangular area according to a sigmoidal function. The steepness of the sigmoidal function was such that decreased from its maximal value to zero over three lines (Fig. 2B ). This defined a rectangular area in the middle of the stimuli (the global shape) made of similarly oriented lines and surrounded by lines randomly oriented, with a buffer zone of intermediate coherence values. During the experiment, low values of (Hochstein and Ahissar, 2002) . Following a first phase of automatic unconscious feedforward sweep, conscious vision emerges in high-level visual areas with global information. Local details encoded in low-level visual areas can be consciously retrieved, but this would occur optionally if required by current goals. Recurrent activities are involved (Lamme and Roelfsema, 2000; Boehler et al., 2008) that are not represented here, for presentation purposes.
coherence were used ( Fig. 2A , right, between 3 and 5) to enforce subjects to process many lines in the local task.
Stimulus properties
The stimuli were characterized by several unique properties. First, as opposed to many existing textured stimuli (Wolfson and Landy, 1995; Supèr et al., 2001; Jolij et al., 2011; Poort et al., 2012) , the global shape was exclusively defined by the distribution of a single local feature, line orientation. It had no luminance contour, no T-junction, or any abrupt transition between shape and background. The smooth transition was implemented by a progressive sigmoidal decrease of coherence from shape to background, which is reminiscent of the "texture blur" proposed by Landy et al. (Landy and Bergen, 1991; Landy and Kojima, 2001 ). The absence of contour is critical to enforce a local-to-global hierarchical processing of the stimuli: to represent the global shape, it was mandatory to process the ensemble of homogeneously oriented lines and whose orientation is the local orientation. Second, the local information and the global information refer to the same basic feature, orientation, and the values this orientation can take, namely, 22.5, 67.5, Ϫ22.5, Ϫ67.5 Figure 2 . Stimuli. A, Two examples of the stimuli, at two coherence levels (left, ϭ 20, high coherence level for presentation purpose; right, ϭ 4, a coherence level representative of the stimuli used in the present study). The local and global orientations (22.5°, Ϫ22.5°respectively, vertical reference) are illustrated in C. B, Schematic representation of the coherence () values within a stimulus. There is a smooth decrease of the coherence between the global oriented shape and the background: green represents maximal coherence ( ϭ 5); dark blue represents minimal coherence ( ϭ 0, random orientations). C, A local orientation was always combined with a global orientation at Ϯ45°(modulo 180°) from the local orientation, and vice versa. In this example, a local orientation at 22.5°is combined with a global orientation of either Ϫ22.5°(left) or 67.5°(right). Orientations were 67.5°, 22.5°, Ϫ67.5°, and Ϫ22.5°, defining eight possible combinations of local and global orientations. D, 2D-Fourier spectrum of the stimuli. Low spatial frequencies are presented in the center. The frequency cutoff of the filters used in the control experiment on the role of spatial frequency (5.7 and 7.9 cpd) are indicated by a black and a light gray circle respectively. E, The 2D spectra of the global orientation (left) and of the local orientation (right), were derived from the subtraction of the Fourier spectrum of stimuli of different global orientations, and of different local orientations, respectively (for details, see Material and Methods). The spatial frequency domains supporting global and local orientation information were largely overlapping.
degrees, are the same at the local and global level. Thus, the local information and the global information derive from the same physical information and only differ by their level of representation. To check that the global shape orientation and the local orientation solely differed by their level in the visual hierarchy while deriving from the same physical information, we compared the spatial frequency ranges in which global and local information was encoded. We averaged 24 stimuli of global orientation 67.5°and of local orientation Ϫ67.5°, and computed its 2D Fourier spectrum. We then created another mean image with a different global orientation (Ϫ22.5°) but with the same local orientation (Ϫ67.5°), and computed its 2D Fourier spectrum. To identify the spatial frequencies associated solely with global orientation (Fig. 2E, left) , we then computed the difference between those two spectra. The same procedure was repeated to compute the difference between the 2D Fourier spectra of two mean images of different local orientations (67.5°and Ϫ22.5°) but of same global orientation (Ϫ67.5°) (Fig. 2E, right) . The spectral domains associated with local and global orientations were highly similar, thus confirming that global and local orientations are encoded in similar spatial frequency ranges. To further confirm that low spatial frequencies were not involved in fast reports of the global information, we ran a control experiment with stimuli in which this information is filtered out.
Procedure
All participants were naive subjects with normal or corrected-to-normal vision. They gave informed written consent and were paid for their participation. Procedures were approved by the national ethics committee (Comité Consultatif de Protection des Personnes dans la Recherche Biomedicale).
Trials considered for analysis
On average, across all experiments, subjects failed to respond in less than 5% (maximum across subjects and experiments: 11%) of the total amount of trials. Only trials with a response were considered for analysis. The only trial with a reaction time inferior to 0.3 s (across all participants and experiments) was discarded.
Experiment 1: local and global tasks
Participants. Twenty-one right-handed subjects took part in the study (10 women, ranging from 19 to 26 years of age, mean: 20.8 years). In addition to these 21 subjects, 2 subjects were excluded during the training phase because they failed to report the orientation of the stimuli (performance lower than 30%, chance level at 25%).
Paradigm
Each trial began with a fixation point presented for 0.6 -0.8 s and followed by a stimulus presented on an LCD screen (refresh rate 60 Hz, resolution 1680 ϫ 1050 pixels, size of the screen, 43.6 ϫ 27.1 cm) at a viewing distance of 70 cm. A new stimulus was created at each trial. The stimulus remained on the screen until subjects responded, or at most after a stimulus presentation time of 1.5 s. Subjects were engaged in a four-alternative forced-choice task on either the local or the global orientation in a blocked design. Subjects were told that, in the center of the stimulus, lines were homogeneous regarding their orientation and that this homogeneity defined a rectangular shape. In the global task, they were instructed to report the orientation of the shape made of this homogeneous ensemble of lines. In the local task, subjects were instructed to report the general direction along which they felt the lines were oriented. Also, to avoid artificially long reaction times, subjects were explicitly told that the local task was not requiring to compute the exact average orientation of the lines.
The nature of the block-local or global-and the four possible orientations were displayed on the screen at the beginning of each block. Subjects answered by pressing a response button with their right hand, from index to little finger, each button corresponding to an orientation. After a variable delay of 1.8 -2.2 s with a gray screen, a new trial began. Subjects performed 11 local blocks and 11 global blocks in alternation (528 trials over the whole experiment, 24 trials per block). The nature of the first block was counterbalanced across subjects.
Before the experiment, subjects were shortly trained with stimuli at a coherence of 5. They first performed one local and one global block with an auditory feedback indicating whether their response was correct, followed by one local and one global block without feedback. To estimate a local coherence threshold (Coh local ) and a global coherence threshold (Coh global ), we engaged subjects in 2 one-up-one-down psychophysical staircases, for which they would perform at 80% accuracy. In practice, subjects were engaged in the blocked paradigm previously described, except that the coherence was varied depending on the correctness of the response. Threshold coherences were thus estimated separately for the local and the global task (initial threshold, 8).
Experiment 2: decoding of global orientation from MEG data
Participants. Sixteen right-handed subjects took part in the MEG experiment (8 women, ranging from 18 to 30 years of age, mean: 23.14 years). Two subjects were discarded from the analysis due to an insufficient number of correct trials per stimulus orientation (Ͻ40 correct trials for a given orientation in either the local or global task). The results are therefore based on data from 14 subjects.
Recordings
Continuous magnetoencephalographic signals were collected using a whole-head MEG system with 102 magnetometers and 204 planar gradiometers (Elekta Neuromag TRIUX, sampling rate of 1000 Hz; online 330 Hz low-pass filtered). A vertical electro-oculogram and electrocardiogram (bipolar EKG with electrodes on the right clavicle and left abdomen) were simultaneously recorded with the ground electrode on the left shoulder blade. Horizontal and vertical eye positions as well as pupil diameter were monitored using an eye-tracker (EyeLink 1000 system, SR Research).
Paradigm
Stimuli and tasks were the same as in Experiment 1, except that the coherence was fixed across subjects and equal to 4. Stimuli were backprojected on a translucent screen at a viewing distance of 80 cm. After a variable delay of 1.5-2 s during which subjects were instructed to blink, a new trial began. Subjects performed 5 local blocks and 5 global blocks in alternation (72 trials per block, 720 trials over the whole experiment). The nature of the first block (local or global) was counterbalanced across participants.
MEG data preprocessing
Data were preprocessed with Maxfilter to remove extracranial noise and realign data between runs. Trials contaminated by artifacts (blinks, saccades Ͼ1°visual angle, as well as visually identified artifacts in MEG data) and occurring between Ϫ0.4 s to 0.8 s around stimulus onset were discarded from further analysis; 6% of trials were removed on average across subjects. The number of remaining trials did not differ between local and global blocks ( paired t test: T (13) ϭ 0.74, p Ͼ 0.4).
Global orientation decoding
Decoding analysis was performed using the linear Support Vector Machine implemented in the Fieldtrip toolbox (Oostenveld et al., 2011) . Data were band-passed filtered (fourth-order Butterworth filter) between 0.5 and 25 Hz and downsampled to 100 Hz. For each subject, the multivariate pattern analysis was conducted on single-trial data from all sensors (correct trials only, Ϫ0.2 to 0.85 s around stimulus onset) smoothed over time windows of 30 ms shifted by steps of 10 ms.
To test whether information about the global orientation was present in the MEG signal, two linear classifiers were trained in the global blocks, where global orientation was task-relevant, and two classifiers were trained in the local blocks, where global orientation was taskirrelevant. A first classifier was trained to distinguish between a global orientation at Ϫ67.5°(associated local orientation, Ϫ22.5°or 67.5°) and a global orientation at 22.5°(associated local orientation, Ϫ22.5°o r 67.5°). The signals to classify were thus obtained in response to stimuli that had the same local orientation but which differed in their global orientation. A second classifier was trained to distinguish between a global orientation at 67.5°(associated local orientation, 22.5 or Ϫ67.5°) and a global orientation at Ϫ22.5°(associated local orien-tation, 22.5°or Ϫ67.5°). We then computed for each subject, at each time point, the mean accuracy of the two classifiers, separately in the local task and in the global task.
The classification procedure ran as follows: (1) The signal at each time point, for each subject, was z-score normalized across sensors and a linear Support Vector Machine was used as a classifier. (2) For each subject, for each classifier, a sixfold cross-validation leave-one-out procedure was used. The data were split in 6 folds; the classifier was trained on 5 of them and tested on the remaining one. This procedure was repeated 6 times, with the data used for training and testing drawn randomly. (3) For each subject, a single measure of accuracy was obtained by averaging the classification performance across the two classifiers. We then estimated whether those accuracies differed from chance at the group level. Chance level was estimated by randomly assigning task labels to the MEG data, computing decoding accuracy, repeating 100 times the random assignment of task labels and computing the mean decoding accuracy thus obtained. Significant differences between decoding accuracy in original data and chance level were then detected across subjects using paired t tests and a clustering procedure (Maris and Oostenveld, 2007) as implemented in the FieldTrip toolbox. This procedure identifies time windows of significant differences while correcting for multiple comparisons over time. Significant differences in decoding accuracy between local and global blocks were obtained through the same clustering procedure.
Local orientation decoding
The same procedure was applied on local information, to test whether information about the local orientation was present in the MEG signal, in local and global blocks.
Experiment 3: spontaneous and instructed tasks
Participants. Nineteen right-handed subjects took part in the study (11 women, ranging from 20 to 26 years of age, mean: 22.5 years).
Paradigm
The material (the screen parameters, the viewing distance, the stimuli, the visuomotor associations between orientations and response buttons) was the same as in the first experiment, except that the coherence was now fixed across subjects (values of 3, 4, and 5 randomly intermixed within each block). Subjects had 2 s to answer after stimulus onset.
They were engaged in two successive paradigms: the spontaneous condition, detailed below, followed by the instructed global/local tasks as in previous experiments. In the spontaneous condition, subjects were instructed to report the orientation they spontaneously perceived when viewing the stimulus. Subjects were told that there was no good/bad answer and that only their impression mattered. Therefore, they had the possibility to report having no impression of orientation by pressing a specific response button with their right thumb. To assess spontaneous vision in the absence of prior knowledge and goals, we did not inform subjects on the local and global distinction. We took great care not to bias subjects toward one type of orientation, local or global. For this purpose, in the instructions, the four orientations were represented as colored oriented lines of a size intermediate between that of the global shape and of local lines. Subjects were first trained, in the presence of the experimenter, by reporting the orientation of 12 congruent stimuli (i.e., stimuli with an identical global and local orientation). Subjects were then engaged in the spontaneous experiment: 12 consecutive congruent stimuli were followed by 432 trials split into 18 blocks of 24 trials, with a random alternation of 216 congruent stimuli and 216 incongruent stimuli. The analysis was restricted to incongruent trials to determine whether subjects spontaneously reported more the local or the global orientation.
After the spontaneous condition, subjects completed the local and global tasks described in the first experiment, with the same stimulus duration and coherence values as in the spontaneous task. All stimuli were incongruent. An initial training session consisted of two local and two global blocks with an auditory feedback at a coherence of 5. Subjects were then engaged in the tasks for 288 trials (144 trials in the local task, 144 in the global task, split in 6 local blocks and 6 global blocks of 24 trials, in alternation).
Control experiment with filtered stimuli
Participants. Eighteen right-handed subjects took part in the study (13 women, ranging from 20 to 26 years of age, mean: 23.7 years). One subject was discarded from the analysis because his individual accuracy, both in the local and in the global task, differed from group accuracy by more than 2 SDs. Analyses are therefore presented on 17 subjects.
Stimuli
Stimuli were the same as in previous experiments, except that a fourthorder Butterworth high-pass filter was applied on some stimuli. The coherence was fixed across subjects and equal to 4. We used two levels of filtering (Fig. 2D) : one-third of the stimuli were filtered in a medium spatial frequency range (F1, frequency cutoff: 5.7 cpd), one-third of the stimuli were filtered at higher spatial frequencies (F2, frequency cutoff: 7.9 cpd), and the remaining stimuli were unfiltered.
Paradigm
The experiment consisted of 432 stimuli split in 9 local blocks and 9 local blocks of 24 trials (72 F1-filtered and 72 F2-filtered stimuli, 72 unfiltered stimuli, randomly intermixed within each block). Subjects were instructed to report either the local or the global orientation in alternating blocks.
Results
Experiment 1: local and global tasks
In the first experiment, 21 subjects reported either the global or the local orientations, in a block design (24 trials per block). We predicted that, if the visual hierarchy constitutes a structural constraint upon conscious vision, global orientations encoded at high levels of the visual hierarchy should be reported faster than local orientations. Furthermore, if global orientations are perceived first, they might bias reports of the local orientation.
Shorter reaction times in the global task
Reaction times in the global task were significantly shorter than in the local task (Fig. 3A) , both in correct and incorrect trials The shortening of reaction times could not be accounted for by a speed-accuracy trade-off. First, as a consequence of the staircase procedure, subjects performed equally well in both tasks at the group level (mean accuracy: global task: 83.4 Ϯ 1.38%, local task: 82.5 Ϯ 1.27%, paired t test: T (20) ϭ 0.45, p Ͼ 0.6). Coherence levels were similar in the two tasks (global task: 3.3 Ϯ 0.23, local task: 3.7 Ϯ 0.29, paired t test: T (20) ϭ 1.6, p Ͼ 0.1). We further tested whether shorter reaction times in the global task could be due to subtle between-subject differences in accuracy between the global and local tasks, especially due to some speedaccuracy trade-off. As shown in Figure 3B , we computed the correlation between the local-global difference in accuracy and the local-global difference in reaction times across subjects. A speed-accuracy trade-off would correspond to a positive correlation (i.e., subjects faster in the global task would be less accurate in this task), whereas we observed a negative correlation (linear regression between accuracy, local Ϫ global, and reaction times in correct trials, local Ϫ global, model validity: F (1, 20) ϭ 12, p Ͻ 0.01, strength of the correlation: r ϭ Ϫ0.6, T (20) ϭ Ϫ3.5, p Ͻ 0.01). In other words, subjects who were faster in the global task than in the local task were also more accurate in the global task. To further probe whether the reaction time advantage in the global task could be due to a speed-accuracy trade-off, we computed the intercept of the regression that estimates the difference in reaction times an ideal observer with the exactly same accuracy in the global and local tasks would have. Such an ideal observer would be 0.049 s faster in the global task (T (20) ϭ 4.41, p Ͻ 0.001).
To conclude, accuracy does interact with reaction times, but accuracy differences cannot entirely account for shorter reaction times in the global task.
Global orientations influence reports of the local orientations
If the global orientation is perceived before the local orientation, subjects might tend to report the global orientation while performing the local task. To assess a bias toward global orientations, we analyzed the pattern of errors. Figure 4A describes the answers a subject can make in the local task: the correct local orientation, or different types of errors: (1) the global orientation that is always at Ϯ45°from the local one, resulting in what we called an interference error; (2) the orientation symmetrical to the interference error with respect to the correct orientation, also at Ϯ45°o f the correct answer, resulting in what we called a symmetrical error; and (3) the remaining orientation, at 90°of the correct answer, resulting in what we called a 90°error.
If the global orientation influences perceptual local reports in the local task, subjects should be biased toward the global orientation. In other words, in the local task, subjects should commit more interference errors (i.e., global reports) than symmetrical errors, although these errors are similar in terms of their angular distance from the correct orientation. Subjects made significantly more interference errors than symmetrical errors ( A, For any given stimulus in the local task (here an example where the stimulus has a local orientation at 22.5°), subjects could make three different types of errors: (1) an interference error, corresponding to the task-irrelevant global orientation; (2) a symmetrical error, corresponding to the orientation symmetrical to the interference error with respect to the correct orientation (both these errors are at Ϯ45°from the correct orientation); and (3) a ninety degrees error, at 90°from the correct orientation. B, Rate of interference errors, symmetrical errors, and ninety errors in the local task computed within error trials. Interference errors were more numerous and reflect a bias toward global orientation in the local task. ***p Ͻ 0.001. errors: they represented 3.75 Ϯ 0.74% of the errors. Thus, the global orientation in the stimuli influences the reports in the local blocks.
To rule out the possibility that subjects reported the global orientation in the local task because they failed to switch to this task, we checked that interference errors occurred at a similar rate in the beginning and end of each local block (local blocks, first half of trials, interference errors: 62.9 Ϯ 2.7%, symmetrical errors: 33.7 Ϯ 2.7%, paired t test: T (20) ϭ 5.54, p Ͻ 0.001; local blocks, second half of trials, interference errors: 59.9 Ϯ 4%, symmetrical errors: 35.8 Ϯ 3.9%, T (20) ϭ 3, p Ͻ 0.01; ANOVA with factors error type and block half, no effect of block half nor interaction, both F (1,20) Ͻ 0.6, both p Ͼ 0.4).
Interim conclusion
The first two predictions are met. First, subjects report global orientations faster. Second, the global orientation interferes with the local task, although this information is task-irrelevant.
Experiment 2: decoding of global orientation from MEG data
In the second experiment, MEG signals were recorded while subjects reported either the global or local orientations in alternation, in a blocked design similar to Experiment 1. The major difference was that coherence level was fixed at 4 for all subjects and tasks. According to the reverse hierarchy theory, global information is computed during the automatic feedforward sweep (i.e., during a first stage of hierarchical processing), independently of task demands. We therefore tested whether global information could be decoded from MEG data in the global as well as in the local task. Correct trials only were considered for analysis.
Behavior
Subjects were both faster and more accurate in the global than in the local task (reaction times: global, 0.83 Ϯ 0.16 s, local, 0.94 Ϯ 0.18 s, paired t test: T (13) ϭ 2.8, p Ͻ 0.05; accuracy: global, 93.5 Ϯ 5%, local 81.8 Ϯ 9%, paired t test: T (13) ϭ 6.16, p Ͻ 0.001). As in Experiment 1, the global orientation influenced reports of the local orientation: in the local task, subjects made significantly more interference errors (i.e., reports of the global orientation in the local blocks: 69 Ϯ 2.99%) than symmetrical errors (symmetrical errors: 29.9 Ϯ 3.08%, paired t test: T (13) ϭ 6.45, p Ͻ 0.001).
Information about global orientation is present in early brain signals in both the local and global tasks
Decoding accuracy of global information presented an initial peak ϳ0.130 s in both the local and global tasks (Fig. 5A ), followed by a rebound in decoding accuracy (starting at 0.3 s after stimulus) much more sustained in the global task. This qualitative description was backed up by the statistical analysis. Across participants, global information could be decoded significantly better than chance in the global task in a sustained manner, from 0.055 to 0.825 s (Monte-Carlo p Ͻ 0.01, corrected for multiple comparison over time). Crucially, global information could be decoded significantly better than chance in the local task as well ( MEG signals. This was the case even when subjects were engaged in the local task that does not require the use of the global information. Overall, decoding accuracy of the local information (Fig. 5B ) was rather low, possibly because of the noise in line orientations as well as because of the larger variability in the anatomy of early visual areas across healthy individuals relatively to higher visual areas (Dougherty et al., 2003) encoding the global information.
Interim conclusion
Decoding results indicate that the global information was computed early, with a peak of decoding accuracy ϳ0.130 s and that this early computation of the global information took place even when global information was not task-relevant: global information seems therefore to be computed automatically, in accordance with the predictions of the reverse hierarchy theory.
Experiment 3: spontaneous and instructed tasks
The third experiment aimed at testing the hypothesis that the automatic processing of global information comes along with the perception of the global information, constituting thereby the default content of perception in the absence of specific task demands.
Nineteen subjects were asked to report the orientation they perceived spontaneously. They were presented with stimuli identical to those of previous experiments (incongruent stimuli, with different local and global orientations) as well as congruent stimuli (identical global and local orientations), and had to either select one of four orientations or use a fifth key to indicate an absence of clear percept of orientation. Subjects were told that there was no good answer and that only their impression mattered. The training procedure and instructions were formulated to avoid biasing subjects toward either local or global orientations, as detailed in Material and Methods. After this spontaneous condition, the local and the global information was described to the subjects, who were then engaged in the local and the global tasks in alternating blocks.
Spontaneous reports are reliable
Because, in the spontaneous condition, subjects were informed that there was no correct answer, they might have answered randomly. We checked that this was not the case over congruent trials, which were not used in the remaining analysis: if subjects reported the content of their perception, their reports should depend on stimulus properties, and the congruent orientation should be reported more often than the three other orientation possibilities. This was found in all subjects (average reports of the dominant orientation among the (19 -1) subjects: 77 Ϯ 4.71%) but one, who was excluded from further analysis (binomial test with chance at 25%, all p Ͻ 0.001 except one subject with p Ͼ 0.9). Subjects reported no percept of orientation in 3.3 Ϯ 1.2% of the answered trials. Further results are within trials in which an orientation was reported.
Subjects spontaneously report the global orientation
We then assessed over the incongruent trials whether subjects spontaneously report the global orientation rather than the local orientation (Fig. 6A) . Subjects reported the global orientation significantly more often than the local orientation (global: 82.3 Ϯ 4%, local: 11.5 Ϯ 2.9%, T (17) ϭ 10.3, p Ͻ 0.001). The dominance of global percepts in spontaneous reports was present for all subjects but one (Fig. 6B) . Reaction times were again shorter for global reports than for local reports (global: 1.036 Ϯ 0.007 s, local: 1.24 Ϯ 0.01 s; paired t test: T (17) ϭ 4.95, p Ͻ 0.001).
Instructed global/local tasks
At the predefined levels of coherence used in the spontaneous condition, subjects may have been able to perceive the global orientation and unable to perceive the local orientation, and would therefore have rarely reported the local orientation. To rule out this possibility, the same subjects were then described the stimuli and instructed to report either the local or the global orientation of incongruent stimuli as in previous experiments, but using the same coherence levels as in the spontaneous condition. Subjects were equally accurate in the local and global tasks Subjects massively reported the global orientation. B, Individual data in the spontaneous condition. All subjects but one reported the global orientation more often. C, Accuracy in the global and local tasks for the subjects previously engaged in the spontaneous condition. With instructions, subjects could report the local and the global orientation equally well. ***p Ͻ 0.001. n.s., Not significant.
( Fig. 6C) (global: 83.3 Ϯ 3.6%, local: 81.8 Ϯ 2.35%, paired t test: T (17) ϭ Ϫ0.67, p Ͼ 0.5). This shows that subjects were able to report the local orientation as well as the global orientation if explicitly instructed to do so, but they did not report it spontaneously.
The reports of global information are correlated between the spontaneous condition and the global task
Rate of reports of global orientation were similar in the spontaneous condition and in the global instructed task (rate of reports of global orientation, spontaneous condition: 82.3 Ϯ 4%, global task: 83.3 Ϯ 3.6%, paired t test: T (17) ϭ Ϫ0.3, p Ͼ 0.7; for report rates by coherence value, see Table 1 ) and significantly correlated within subjects (Pearson correlation, r global ϭ 0.72, Bonferroni corrected p Ͻ 0.001) (Fig. 7A) . By contrast, the rate of reports of the local orientation was not correlated between the spontaneous condition and the local instructed task (Pearson correlation, r local ϭ Ϫ0.2, Bonferroni corrected p Ͼ 0.9) (Fig. 7C) .
Comparison of correlation coefficients
To conclude safely about a difference regarding the correlation for global information versus local information, we tested for statistical differences between r global and r local . We first created a distribution of differences between r global and r local under the null hypothesis by creating 1000 surrogate datasets in which the labels global and local were randomly switched. In practice, a surrogate dataset was created by randomly assigning, for each subject, the labels "Local" and "Global" to the two pairs of values (Accuracy in global task, Global reports in spontaneous condition) and (Accuracy in local task, Local reports in spontaneous task), for each subject. We then computed the difference between the correlation coefficients r global and r local on each surrogate dataset. The Monte-Carlo p value corresponds to the fraction of surrogate r global Ϫ r local differences exceeding the original difference. This procedure shows that the correlation coefficient r global linking global reports in the spontaneous condition and in the global task was significantly larger than r local linking local reports in the spontaneous condition and in the local task (Monte-Carlo p Ͻ 0.01).
Similarly, reaction times to report global orientation in the spontaneous condition and in the global task were similar (reaction times to report the global orientation, spontaneous condition: 0.1037 Ϯ 0.044 s, global task: 0.1015 Ϯ 0.047 s, paired t test: T (17) ϭ 1.02, p Ͼ 0.3; for reaction times by coherence value, see Table 1 ) and significantly correlated (Pearson correlation, r RTglobal ϭ 0.89, Bonferroni corrected p Ͻ 0.001) (Fig. 7B) . Reaction times to report the local orientation in the spontaneous condition and in the local instructed task were not significantly correlated (Pearson correlation, r RTlocal ϭ 0.45, Bonferroni corrected p Ͼ 0.25) (Fig. 7D) . The correlation coefficient r RTglobal linking global reaction times in the spontaneous condition and in the global task was significantly larger than r RTlocal linking local reaction times in the spontaneous condition and in the local task (Monte-Carlo p Ͻ 0.01, using the procedure described above to compare the correlation coefficients).
Those results confirm that subjects did not respond randomly in the spontaneous condition and show that subjects spontaneously performed the global task. Importantly, the absence of correlation in the case of the local information shows that the correlation found for the global information cannot be trivially explained by idiosyncratic differences, some subjects being fast and good in any task and other subjects being always slower and less accurate.
Replication of results from Experiment 1
We also replicated the findings of Experiment 1 in the instructed task across the three levels of coherence (Table 2) , with faster decisions in the global than in the local task and a bias toward global orientations in the local task.
Interim conclusion
The results of this experiment validate the third prediction we made, namely, that subjects spontaneously report global information, although they can report equally well global and local information when instructed to do so. Furthermore, reports were correlated within subjects between the spontaneous condition and the global instructed task. Together, these results suggest that conscious vision has a preferential global content, encoded in high levels of the visual hierarchy. We ran a number of control analyses and a control experiment. The results are described below.
Control analysis and experiment
We consistently observed longer reaction times when subjects reported the local orientation, which we attribute to a delayed access to local information. We have ruled out that speedaccuracy trade-off differences between local and global tasks could account for reaction time differences. In this section, we consider alternative interpretations.
Could longer reaction times in the local task have strategic grounds?
Subjects might have performed the local task by actively looking for the global shape and then averaging the orientation of the lines within the global shape. This would have resulted in longer reaction times in the local task. Two results speak against this possibility: in two instances where it was very unlikely that subjects could perceive the global shape, their reaction times were still longer to report the local orientation. First, in Experiment 1, 8 subjects had a coherence threshold lower in the local task relatively to the global task. In other words, those subjects performed the local task at a coherence level that was too low to properly see the global shape. In these subjects, reaction times were nevertheless longer in the local task (reaction times, local: 0.957 Ϯ 0.176 s, Data are mean Ϯ SEM. Reports of the global information in the spontaneous condition and in the global instructed task at each coherence value (Experiment 3), and corresponding reaction times. Comparison between the spontaneous task and the global task (paired t test). At each coherence value, the rate of reports of the global information in the spontaneous condition and in the global task is similar. This is also the case for reaction times.
global: 0.903 Ϯ 0.179 s, two-tailed paired t test: T (7) ϭ Ϫ3.38, p ϭ 0.012). Second, in the spontaneous condition in Experiment 3, subjects were not informed about stimuli structure and on how the global shape was defined. However, their reaction times were still longer when reporting the local orientation. We can therefore safely conclude that the longer reaction times in the local task are not based on a strategy requiring the perception of the global shape. 
Are the stimuli truly hierarchical?
We designed our stimuli to impose a hierarchical dependence between levels: the global shape is a second-order property of local orientation, without contours. Creating truly hierarchical stimuli is a difficult task since, usually, global and local information not only differ by their level in the visual hierarchy but also by their spatial frequency spectrum, global information spanning lower spatial frequency ranges (Shulman et al., 1986) . This imbalance is involved in the global precedence: typically, in Navon's stimuli, the global advantage is partly due to the fast processing of low spatial frequency information specific to the global letters (Badcock et al., 1990; Hughes et al., 1990; Kimchi, 1992; Lamb and Yund, 1993, 1996; Han et al., 2003; Flevaris et al., 2014) . To assess in isolation the role of the visual hierarchy in the global precedence, it is essential to create stimuli in which the local and the global information is carried by similar spatial frequencies.
As shown in Figure 2E , the 2D Fourier spectrum associated with local and global orientations appears highly similar. We computed differences between local and global orientations by splitting the spectrum into three equally sized frequency domains (low, middle, and high) and found that, in all three frequency domains, local and global orientation information differed by Ͻ0.3% of total spatial power. Differences were thus extremely small, but nevertheless systematic (two-tailed paired t tests, all uncorrected p Ͻ 0.002). In the low spatial frequency range, there was actually slightly less global than local information, suggesting that faster reports of global orientation were not based on a preferential and faster processing of low spatial frequencies. To further confirm that low spatial frequencies were not involved in fast reports of the global information, we ran a control experiment with stimuli in which this information was filtered out. In this experiment, subjects were presented with unfiltered stimuli (UF) similar to those used in Experiments 1-3, and with two stimuli where an increasing amount of low spatial frequencies were removed (F1 and F2) (Fig. 2D) . The crucial question is whether reaction times in the global task are lengthened by low spatial frequency removal. A one-way ANOVA with filtering as factor reveals that it is not the case (F (1,16) ϭ 0.95, p ϭ 0.3; Table 3 ). Besides, paired t tests show that reaction times were significantly shorter in the global task than in the local task for the three types of stimuli (Table 3) . Unexpectedly, reaction times were affected by filtering in the local task: removal of low frequencies speeded up reaction times in the local task (Table 3) . This effect was present at both F1 and F2 compared with UF (paired t tests, UF vs F1: T (16) ϭ 4.64, p Ͻ 0.001; UF vs F2, T (16) ϭ 5.55, p Ͻ 0.001). However, reaction times in F1 and F2 did not differ (T (16) ϭ 1.1, p Ͼ 0.2). Together, the results from this control experiment show that a differential use of spatial frequencies in the local and global tasks may have contributed to increase the reaction time advantage in the global task, but that this reaction time advantage persists when low spatial frequencies are removed.
We also predicted that, if the local orientation is inevitably processed for the global orientation to be computed, as expected from the hierarchical structure of the stimuli, local orientation might influence reports in the global task. Subjects indeed committed more interference than symmetrical errors in the global task (Experiment 1: interference errors, 65.67 Ϯ 2.3%, symmetrical errors, 25.81 Ϯ 1.54%, two-tailed paired t test: T (20) ϭ 9.5, p Ͻ 0.001; Experiment 3: interference errors, 68.71 Ϯ 4.3%, symmetrical errors: 23.99 Ϯ 4.3%, two-tailed paired t test: T (17) ϭ 8.04, p Ͻ 0.001). This further control analysis confirms the hierarchical structure of our stimuli, compared with Navon's letters, for instance, where "global information interferes with the local response but not vice versa" (Lamb and Robertson, 1989) .
Finally, we predicted that, if the global information is solely defined by the local information, increasing noise on line orientation (i.e., decreasing coherence ) should decrease accuracy in both the local and the global tasks, and to the same extent. This prediction was met: in Experiment 3, noise level affected similarly the performance in both tasks. An ANOVA on performance with factors task and coherence showed a main effect of coherence (F (1,17) ϭ 14.87, p Ͻ 0.005), but no task ϫ coherence interaction (F (1,17) ϭ 0.37, p Ͼ 0.6) and no main effect of task (F (1,17) ϭ 0.52, p Ͼ 0.4).
Discussion
In this work, we have assessed whether high-level global information in the visual hierarchy dominates perception as proposed by the reverse hierarchy theory (Hochstein and Ahissar, 2002; Campana and Tallon-Baudry, 2013) or whether, alternatively, information at any level of the visual hierarchy is equally likely to be accessed and reported (Kouider et al., 2010) . Our results directly support the former hypothesis. First, we show that, although local information had to be processed for global information to be computed, the global information was reported faster. This reaction time advantage could not be explained by subjects' strategy or by the use of low-frequency information. Second, global information computation appeared to be a mandatory processing step, even when it was not task-relevant: global information biased reports of local information, and the global information could be decoded from MEG signals in the first 0.15 s of visual processing with the same accuracy independently of the task in which subjects were engaged. Third, our conclusions apply also to spontaneous reports: subjects who were not informed on stimulus structure spontaneously reported the global orientation, although, once informed about stimulus structure, they could report the global and the local orientations equally well if instructed to do so. Crucially, the frequency and speed of the spontaneous reports were correlated with the frequency and speed of the reports in the global task, but not in the local task. Thus, spontaneous vision seems akin to perception voluntarily directed (F1 and F2) . The main effect of the ANOVA in both tasks, and t test (global vs local task) over reaction times and accuracy are reported. There is no effect of filtering in the global task on either reaction times or accuracy. Reaction times are shorter in the global task whatever the level of filtering. The Greenhouse-Geisser correction for the degrees of freedom was applied when appropriate.
at a global level. Together, these findings indicate that reported percepts correspond preferentially to integrated, global information at high levels of the visual hierarchy (Hochstein and Ahissar, 2002; Campana and Tallon-Baudry, 2013) , both in the presence and in the absence of task demands.
Perception is constrained by the visual hierarchy
A direct link between the dominance of global percepts and the hierarchical organization of the visual system has been missing so far, presumably partly due to a lack of appropriate stimuli. Here, we were able to investigate such a link through the use of truly hierarchical stimuli, in which the local information and the global information emerge from the encoding, at different levels of the visual hierarchy, of the orientation of an ensemble of local lines. The local information and the global information do not differ in any other respects. To achieve this, we created a global shape exclusively defined by its local components because it has no contour.
The absence of a contour is critical because it avoids an imbalance in the spatial frequency content of local and global information, which might contribute to the faster perception of global information. In Navon's letters, typically, the fast identification of global letters involves the fast processing of low spatial frequency information: once these letters are highpass filtered, the fast identification of the global letter is altered or even lost (Shulman and Wilson, 1987; Badcock et al., 1990; Hughes et al., 1990; LaGasse, 1993; Lamb and Yund, 1993) . Similarly, in natural scenes, the global dominance (VanRullen and Thorpe, 2001; Oliva, 2005; Fei-Fei et al., 2007) and the later reports of detailed information (Macé et al., 2009) involve some fast processing of low spatial frequencies (Schyns and Oliva, 1994; Bullier, 2001; Bar, 2003; Peyrin et al., 2010; Peyrin and Musel, 2012) . Therefore, these stimuli cannot be used to probe in isolation the role of the visual hierarchy in the dominance of global percepts.
The representation of the spatial frequency spectrum of the global and of the local orientations confirms that, in our stimuli, this information taps into similar spatial frequency ranges. In addition, we showed in a control experiment that the faster reaction times when reporting the global orientation were not based on a faster processing of low spatial frequency information: reaction times when reporting the global orientation were not affected by the removal of low spatial frequency information. Thus, low spatial frequency does not account for the dominance of global information observed here. There is no doubt that with more ecological stimuli, such as visual scenes, a faster processing of low spatial frequency will reinforce the tendency to perceive global information. However, while the faster processing of low spatial frequencies is known to be susceptible to task manipulation (Oliva and Schyns, 1997; Schyns and Oliva, 1997, 1999; Morrison and Schyns, 2001) , in the present study, the global dominance is task-independent. Noteworthy, the bias toward global reports we consistently found in Experiments 1 and 3 cannot be trivially explained by a difference in the detectability of local versus global information: objective accuracies were matched in those experiments. Thus, the reports, either spontaneous or task-driven, appear constrained by the visual hierarchy.
Our MEG data are also consistent with the predictions of the reverse hierarchy theory (Hochstein and Ahissar, 2002; Campana and Tallon-Baudry, 2013) . These data show that global information is processed within the first 0.15 s of visual processing, even when not task-relevant. The latency of the peak of decoding accuracy (0.13 s) is compatible with the notion that such global integration takes place at the end of the feedforward sweep, around 100 -150 ms (Lamme and Roelfsema, 2000) . However, we do not know whether subjects become conscious at this moment or whether additional recurrent processing is necessary for consciousness to emerge (Koivisto, 2012; Supèr et al., 2001) . Similarly, we do not know which mechanisms are involved in the late access to local information. As proposed in the reverse hierarchy theory (Hochstein and Ahissar, 2002) , top-down processing might be important, but lateral interactions between neurons in lowlevel visual areas might also be involved (Roelfsema, 2006) . Spontaneous reports can be reliably measured and should be compared with performance on global information To mimic ecological situations in which one is not engaged in a visual goal-directed behavior (e.g., mind-wandering), we asked subjects to report what they were spontaneously seeing when viewing our stimuli, in the absence of instruction regarding a specific level of information. In the literature on conscious vision, spontaneous reports and, more generally, the reliability of measures relying on introspection have been heavily questioned (Dehaene et al., 2006; Cohen and Dennett, 2011) due to massive discrepancies between spontaneous reports and performance in instructed tasks, in seminal paradigms, such as the change blindness paradigm (Simons and Levin, 1997; O'Regan and Noë, 2001 ) and the partial report paradigm (Sperling, 1960) .
Here, we show that spontaneous reports have a preferential global content, thereby implying that those reports need to be compared with performance about global information. In the aforementioned paradigms, performance was probed on local elements only; this could explain why the poorness of performance did not match the visual richness described in the spontaneous reports (Campana and Tallon-Baudry, 2013; Haberman et al., 2015) . This proposal is strengthened by the fact that the positive correlation we found here between spontaneous reports and performance holds for global information only and not for local information. Our results resolve an inconsistency in the literature and suggest that the feeling of visual richness inherent to conscious vision might arise from its default high-level global, integrated content (shapes, categories) (Campana and Tallon-Baudry, 2013) .
Together, the correlation we found between reports in the spontaneous and in the instructed conditions, as well the consistency of the spontaneous reports between subjects (all subjects but one majoritarily reported the global information), indicate that spontaneous reports can be reliable and should not be discredited. Nevertheless, it is undeniable that truly spontaneous reports, where participants freely describe verbally what they see (e.g., Fei-Fei et al., 2007) , make it difficult to extract quantitative information. The paradigm we developed to probe spontaneous vision avoids this caveat by engaging subjects in a very controlled task. By providing subjects with questions about the orientations, we limited the parameter space of spontaneous vision while allowing subjects to skip a trial if their percept was not adequately described by an orientation. Thus, whereas introspection and objective measures (e.g., discrimination tasks) are usually considered in opposition, as if there were a choice to make between them, it appears fruitful to combine them to probe conscious vision in a controlled fashion, especially its spontaneous content.
In conclusion, through a new kind of stimuli, we provide the first direct evidence that conscious vision is constrained by the visual hierarchy, both in the presence and in the absence of task demands. This result is in agreement with the reverse hierarchy theory (Hochstein and Ahissar, 2002) but contradicts the idea that information at all levels of the visual hierarchy is equally likely to be accessed (Kouider et al., 2010) . Whereas most of the studies rely on goal-directed tasks, here we show that spontaneous vision is also accessible to empirical investigation, and we propose a concrete methodology to probe it reliably. Spontaneous reports appear tightly linked to objective performance at the global level. This offers a simple explanation to the apparent mismatch between spontaneous reports and performance in the change blindness and Sperling paradigm, where objective performance is probed at a local level.
